Introduction
For medium-range (up to a few kilometers) access networks, employing PONs which use multimode fibers can be considered as a potentially costeffective solution due to easy handling and relaxed components' alignment [1] . To overcome the limited bandwidth-distance product associated with baseband transmission, multicarrier passband transmission (e.g., optical OFDM technique) can be adopted which utilizes a wide frequency band at GHz region of the link frequency response. However, besides being frequency-selective, each (OLT-ONU) link frequency response is generally both ONUdependent and time-dependent. This phenomenon can be seen as a kind of multiuser diversity. 
Figure 1: Multicarrier multimode PON illustration
Regarding such a PON system, this paper addresses the capacity allocation problem for the system. How many and which subcarriers should be assigned to each ONU is determined centrally by the OLT dynamically/adaptively such that the system capacity can be maximized by exploiting the system's multiuser diversity. This in turn may result in low mean packet sojourn time. For this system, we assume link state information is available to the OLT and accordingly, adaptive multilevel modulation is used.
Capacity allocation problem formulation
Due to the link dynamics, a time epoch is defined for the system where each link frequency response can be considered static. For each time epoch, the capacity allocation strategy tries to maximize the system capacity (in terms of total number of bits per symbol). It should be noted that system capacity maximization concerns both downlink and uplink. With relevant constraints, the capacity allocation problem can be viewed as an optimization problem. Because the problem involves an exclusive assignment problem, a standard formulation for this is in terms of Binary Linear Programming (BLP) below with x i,j,k x i,j,k as the decision variable: its value is either 0 or 1 (if 1, this means subcarrier j j is assigned to ONU i i and loaded with k k bits per symbol):
subject to:
-exhaustive allocation (all subcarriers are allocated):
-exclusive assignment:
-no-clipping bitloading:
where M M is the number of ONUs, N N is the number of subcarriers and K K is the maximum allowable bits per symbol. p i p i is the allocated number of subcarriers to ONU i i (explained later). c i,j,k c i,j,k is the bitloading cost which is affected by system parameters, among others: link frequency response (evaluated at subcarrier frequencies), transmit power, required probability of bit error, modulation format and symbol time. For the bitloading cost, we use a continuoustime multicarrier transmission model (similar to subcarrier modulation) in this paper. The no-clipping bitloading constraint formulation above actually applies only for downlink transmission. For uplink transmission, the summation over the ONUs is dropped but then there is such a constraint for each ONU.
Semi-heuristic algorithm
It is well known that BLP is of exponential complexity. Therefore, rather than implementing the BLP formulation adaptively (which is prohibitive/impractical in real-time), we developed a semi-heuristic algorithm which mimics the original formulation.
In principle, the capacity allocation problem is now divided into three sequential stages: How many subcarriers allocated to each ONU, p i p i , heuristically depends on the ratio of q ī q i to ḡ ī g i where q ī q i is the average of the ONU backlog sample values of the last three time epochs (averaging is used to reduce overshoot/undershoot due to bursty traffics) and ḡ ī g i is the average normalized SNR (nSNR) across subcarrier frequencies [4] . This calculation is of O (MN) O (MN) complexity. Note that this first stage is used both for the BLP and the semi-heuristic algorithm.
The second stage is then essentially an assignment problem between ONUs and subcarriers. We use stable matching (which has weak Pareto optimality) for this purpose [2] . First, each ONU is replicated such that the number of ONU i i becomes p i p i so that we can have symmetrical assignment problem. The Gale-Shapley algorithm (with
be used to find a stable matching on this problem instance where the so-called preference lists (PLs) have been embedded. Each ONU's PL ranks the subcarriers based on their subchannel nSNRs, while each subcarrier's PL ranks the ONUs based on each ONU's backlog to average nSNR ratio.
The no-clipping bitloading at the last stage can be done by using a greedy algorithm (with O (NK) O (NK) complexity), similar to the multicarrier single-user case because the ONU-subcarrier assignment has been determined [3] . From this stage, the total number of bits per symbol for each ONU is interpreted as the capacity allocation for the corresponding time epoch. This then determines the service rate for the ONU packet queue.
It can be seen then that the overall complexity of the proposed capacity allocation algorithm is dominated
. This is a drastic complexity reduction from the exponential complexity of the BLP solution.
Simulation results
We performed Monte Carlo simulation using OPNET 12.0.A (PL3) package to benchmark the proposed algorithm against the BLP, focusing on the downlink transmission. For each ONU, a 2-phase Markovmodulated Poisson process traffic generators (with each average load switches between 100Mbps and 200Mbps) was used to generate bursty traffic load.
These parameter values render the simulated system highly-loaded. For the simulation, a statistical link model based on the specific modal delay formulae for an ideal parabolic refractive index profile silica multimode fiber was used where the specific modal delay values for each ONU were drawn from a uniform distribution every time epoch quasiindependently. The OLT-ONU lengths were fixed but uniformly distributed (see Table 1 ). Also, K K was fixed to 8. To solve the BLP for benchmarking, we additionally used the lp_solve 5.5.0.10 code library. Figure 3 shows that the stable-matching-based (SMB) capacity allocation method could result in a very close performance in terms of allocated capacity relative to the BLP method, i.e., 95% on average. This result is also reflected in terms of mean packet sojourn time, with the relative value (SMB/BLP) is 122% on average. Also importantly, both methods resulted in low mean packet sojourn time (around 65 ms). Certainly, the BLP results are better, but it should be noted again that the SMB complexity is much lower than the BLP one. Nevertheless, this complexity reduction manifests here as small performance penalty which arguably can be accepted. From Figure  3 , it can also be seen that the heuristic subcarrier allocation (the first stage) has largely mitigated the influence of different ONU distances. This means the fairness among ONUs could also be maintained.
Conclusion
We have developed a low-complexity semi-heuristic dynamic capacity allocation algorithm for multicarrier multimode PON which has comparable performance with the binary linear programming solution in terms of allocated capacity and mean packet sojourn time.
